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a b s t r a c t
In this paper, the transition process of scattering signals is investigated as an incident
monochromatic light irradiates rectangular channels with sizes from micrometers to
submicrometers. Monochromatic light scattering from open groove cavities is important in
many design analyses for such fields as optical communications, display, storage, sensing,
MENS and nano-technology. The distribution of scattering signals for light incident on
the groove starts to change due to the diffraction as the opening width of the groove is
close to the wavelength of monochromatic light. This study revealed the transition process
of scattering signals of monochromatic light irradiating rectangular microchannels with
sizes from micrometers to submicrometers. The results showed that the profile for the
intensity of scattering signals changes from concave to convex shape in the direction of
width and from irregular to regular wave in the direction of depth if the opening width of
the rectangular microchannel reduces from micrometer to submicrometer.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Light scattering is utilized as an important nondestructive tool for surface defect measurements [1]. Near-field imaging
and optical disk design are also some important applications involving scattering from grating structures. Petrovic and
Allsop [2] investigated the scattering of the laserwriting beam in photonic crystal fiber. Saada et al. [3] demonstrated that the
kinetics of diamond nucleation can be in real time determined using a model based on the laser scattering of nanoparticles.
The laser scattering method as a non-contact technique provides an opportunity to monitor in real time the evolution
of periodic nanostructures during fabrication [4]. Direct point-by-point writing by tightly focused ultrashort-laser-pulses
offers precise patterning [5,6]. Dahan et al. [7] studied the coherent thermal emission from SiC and found that the enhanced
coherency results from coherent coupling between resonant cavities. Hence rigorous, robust, versatile, and fast analysis
methods [8–13] would be essential for the design optimization of devices in such applications.
Far-field scattering from a limited number of grooves was rigorously analyzed using fast analytical methods based on the
series solution of scattered fields. Electromagnetic scattering from a surface with rectangular channels has been studied by
many authors. Rectangular grooves were analyzed mainly for far-field calculations with a specific formulation. Kok [14]
studied the scattering of a plane wave by a rectangular channel corrugated in a perfectly conducting plane for TE and
TM polarizations. Depine et al. [15] considered the scattering of a plane wave at a flat boundary characterized by surface
impedance, and a grating with a finite number of channels was modeled with this surface impedance. Park et al. [16]
used a modal theory to treat the scattering of a TE polarized Gaussian beam from a finite lamellar grating in a perfectly
conducting plane. The scattering fields and the diffraction efficiency versus number of channels were analyzed. Depine
and Skigin [17] showed that when the conductivity of the metal is no longer infinite, the differences that appear in the
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Fig. 1. Flow chart for the procedure of solutions.
scattering pattern are more important in TM than in TE polarization. Mata-Mendez and Sumaya-Martinez [18] investigated
the scattering of TE-polarized plane waves by a finite number of rectangular channels in a perfectly conducting film. Giant
resonant enhancements of the electric fieldwithin the channels were reported. In the case of elliptical or circular shapes, the
analysis of circular and elliptical grooveswas extended to double grooveswith considerable computational complexity [19].
A numericalmodel for laser beam scattering in the semi-transparent polymerswas presented using aMonte Carlo algorithm
and the Mie theory [20].
The above literature review shows that the previous research has not discussed the scale effect of a rectangular channel
on the scattering of monochromatic light. Therefore, the purpose of this study is to perform the quantitative analysis for
the transition process of scattering signals as an incident monochromatic light irradiates rectangular channels with sizes
from micrometers to submicrometers. This paper demonstrates that as the opening width of the rectangular microchannel
decreases from hundreds of micrometers to submicrometers, the profiles of the squared ratio of the scattered electric field
to incident electric field in the x and y directions, respectively, change from concave to convex shape and from regular
to irregular wave. The field enhancement increases with the decreasing width and increasing depth of the microchannel.
Independent of themicrochannel depth, thewave number of the scattered electric field per unit depth in y direction is equal
for the same width of microchannel.
2. Analysis
The flow chart for the procedure of solutions is sketched in Fig. 1. As shown in Fig. 2, a plane wave of monochromatic
light with wavelength λ is incident upon a rectangular groove in a metallic plane. The width and depth of infinitely long
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Fig. 2. Schematic of physical system.
groove are in the x and y directions, respectively. And the z direction (infinite length) is normal to the surface. The origin of
the coordinates is set at the center of the top surface of the rectangular groove. In the upper region (y ≥ 0), the total s- and
p-polarized field is the sum of incident, specularly reflected and scattered fields.
Es,p+ (x, y) = ei(α0x−β0y) + (−1)jei(α0x+β0y) +
 ∞
−∞
Rs,p(α)ei(−αx+βy)dα (1)
where Rs,p(α) is the unknown Rayleigh amplitude, and
α0 = k sin θ0 (2)
β0 = k cos θ0 (3)
k = ω/c = 2π/λ (4)
β =

k2 − α2 (5)
j =

1 for s polarization
0 for p polarization. (6)
Assuming a harmonic time dependence of the form exp(−iωt), whereω is the frequency of the incident light, Maxwell’s
equations are combined to yield the Helmholtz equation. According to the Helmholtz equation, the fields inside the
rectangular groove can be expressed in terms of the corresponding modal functions for each polarization
Es,p− (x, y) =
∞
m=1
as,pm cos

jπ
2
− bm(y+ d)

cos

jπ
2
− mπ
2w
(x+ w)

(7)
bm =

k2 − (mπ/2w)2 (8)
where as,pm is the modal amplitude corresponding to s and p polarization, respectively.
Matching the fields at the plane y = 0, the following equations for s polarization are ∞
−∞
Rs(α)e−iαxdα =
∞
m=1
asm sin
mπ
2w
(x+ w)

sin(bmd) (9)
∞
m=1
asmbm sin
mπ
2w
(x+ w)

cos(bmd)+ 2iβ0eiα0x = i
 ∞
−∞
Rs(α)βe−iαxdα. (10)
Substituting Eq. (9) into Eq. (10), one can get
∞
m=1
asmbm sin
mπ
2w
(x+ w)

cos(bmd)+ 2iβ0eiα0x
= i
 ∞
−∞
 ∞
m=0
asm sin(bmd)
mπ
2w
α2 − mπ2w 2

eiαw(−1)m − e−iαw
 β2π e−iαxdα. (11)
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Fig. 3. The comparison of the amplitude of the far-zone scattered fields versus incident angle between this work (dashed line) and Barkreshli et al. (solid
line).
Multiplying Eq. (11) by sin mπ2w (x+w) and integrating both sides with respect to x from−w tow, the following equation
is obtained
2iβ0
(mπ/2w)
(mπ/2w)2 − α2
− (−1)n eiαw + e−iαw = i n
4w
∞
m=1
am
mπ
2w
sin (bmd) Imn − anbnw cos (bnd) (12)
where
Imn =
 ∞
−∞
[(−1)m+n + 1− (−1)ne−2iαw − (−1)me2iαw]βdα
{α4 − [(mπ/2w)2 + (nπ/2w)2]α2 + (mnπ/4w2)2} = −
8πw3
(mπ)2
bmδmn − I1 − I2 (13)
I1 = − 2e
2iwk(−1)n
[(mπ/2w)2 − (nπ/2w)2]
∞
l=1
Slk

A(t1)− A(t2)
(mπ/2w)
− A(t3)− A(t4)
(nπ/2w)

(14)
and
I2 = −4i
(mπ/2w)2 − (nπ/2w)2

−

k2 − (mπ/2w)2
(mπ/2w)
sin−1
 mπ
2wk

+

k2 − (nπ/2w)2
(nπ/2w)
× sin−1
 nπ
2wk

(15)
where
A(t) = (−1)lπ t l−0.5evterfc(√vt)+ 21−l√πv0.5−l ×
l−1
r=0
(2l− 2r − 3)!!(−2vt)r , v = 2kw,
t1 =
 mπ
2kw
− 1

i, t2 =

− mπ
2kw
− 1

i, t3 =
 nπ
2kw
− 1

i, t4 =

− nπ
2kw
− 1

i.
δmn is the Kronecker delta. From the expressions of I1 and I2, it may be seen that as the operating frequency approaches
infinity (kw→∞), Imn approximates to 8πw3(mπ)2 bmδmn.
Substituting Eq. (13) into Eq. (12), the coefficients am yield
a1
a2
·
·
·
am−1
am
 =
∞
u=0

p11 p12 · · · · p1m
p21 p22 · · · · p2m
· · · · · · ·
· · · · · · ·
· · · · · · ·
· · · · · · ·
pn1 p2n · · · · pnm

u 
q1
q2
·
·
·
qn−1
qn
 (16)
where
pnm = −i(mnπ/4w
2) sin(bmd)ur(I1 + I2)
2π [bn cos(bnd)− ibnur sin(bnd)]w (17)
qn = −2ik cos θ(nπ/2w)ur [−(−1)
neikw sin θ + e−ikw sin θ ]
w[bn cos(bnd)− ibnur sin(bnd)][(nπ/2w)2 − (k sin θ)2] . (18)
According to Eqs. (16)–(18), am may be approximately written as qn for kw > 1. On the other hand, the most dominant
(significant) element among pmn is p11 as kw ≪ 1.
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Fig. 4. The intensity distribution of the scattered field in x direction at the top surface of the channel for the cases with d = 8λ and (a) w = 24λ (b)
w = 12λ (c)w = 3λ (d)w = 1.5λ (e)w = 0.3λ.
3. Results and discussion
In order to validate this analysis, the far-zone scattered field obtained from this work (dashed line) is comparedwith that
computed by Barkreshli and Volakis (solid line) for the scattering from a narrow groove. Fig. 3 shows that the result of this
work agrees with that of Barkreshli and Volakis [21].
In Fig. 4, as amonochromatic lightwithwavelengthλ = 1.064µm is normally incident on a narrow channelwith a depth
d = 8λ, the distributions of the squared ratio |E/Ei|2 in x direction at the top surface of the narrow channel are sketched
for different channel widths. The squared ratio |E/Ei|2 is taken as a measurement of the field enhancement with which
the incident radiation couples to the normal modes. From (a) to (e) shown in Fig. 4, it is found that the wide rectangular
channel induces the intensity of the scattered field with a bowl-shaped distribution. However, as the width of the channel
gradually decreases, the intensity of the scattered field increases near x = 0 but decreases near x = ±w. Finally, the profile
of intensity distribution for the scattered field becomes convex shape for a narrow enough channel. Fig. 4 also indicates that
the maximal intensity of the scattered field increases with the decreasing width of the rectangular channel.
Fig. 5 shows the intensity distribution of the scattered field in x direction at the top surface of the narrow channel for
the two cases of d = 8λ and d = 16λ. The data demonstrate that the increase of depth and the decrease of width for
the rectangular channel enhance the intensity of the scattered field. The intensity distributions of the scattered field in y
direction at the symmetric axis of the channel are shown in Fig. 6(a) and (b) for the cases of w = 0.3λ, 3λ and 12λ. The
intensity distribution of the scattered field in y direction is approximately regular wave for the case ofw = 0.3λ and d = 8λ.
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a
b
Fig. 5. The intensity distribution of the scattered field in x direction at the top surface of the channels with (a) w = 24λ (b) w = 0.3λ for d = 8λ and
d = 16λ.
a
b
Fig. 6. The intensity distributions of the scattered field in y direction at the symmetric axis of the channel for the cases of (a) w = 0.3λ (b) w = 3λ and
12λwith the channel depth d = 8λ.
However, the intensity of the scattered field varies irregularly in y direction for the other two cases with the wider channels
(w = 3λ and 12λ). Comparedwith the Fig. 6, Fig. 7 shows that the intensity of the scattered field varies along the symmetric
axis of y direction for the deeper channel (d = 16λ). Fig. 7 also shows that the intensity distribution of the scattered field in
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Fig. 7. The intensity distributions of the scattered field in y direction at the symmetric axis of the channel for the cases of (a) w = 0.3λ (b) w = 3λ with
the channel depth d = 16λ.
y direction is almost regular wave for the case ofw = 0.3λ and regardless of the channel depth, the wave number per unit
length is the same as that in Fig. 6.
4. Conclusions
The transition process of scattering signals ofmonochromatic light by rectangular grooveswith sizes frommicrometers to
submicrometers is analytically investigated in this paper. The far-zone scattered field computed by this analysis agrees with
other quasi-static solutions for light scattered from a narrow channel. Based on the present analysis, the results revealed that
the large rectangular channel induces scattered electric fieldwith a concave (bowl-shaped) amplitudedistribution.However,
the amplitude distribution of the scattered electric field in x direction becomes convex for a narrow enough channel (i.e. the
size of the channel width is comparable to the wavelength of the incident monochromatic light). The maximal intensity
of the scattered field in x direction increases with the decreasing width of the rectangular channel. The increase of depth
and decrease of width for the rectangular channel enhance the intensity of the scattered field in x direction. The intensity
distribution of the scattered field in y direction at the symmetric axis of the channel is approximately regular wave for the
narrow enough channel and independent of the microchannel depth, the wave number of the scattered electric field per
unit depth in y direction is equal for the same width of microchannel.
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